Objectives: The treatment of inner ear disorders remains challenging due to anatomic barriers intrinsic to the bony labyrinth. The purpose of this review is to highlight recent advances and strategies for overcoming these barriers and to discuss promising future avenues for investigation.
| INTRODUCTION
The current management of inner ear disorders consists of systemic drug delivery, intratympanic injection, and surgical intervention.
Despite the assortment of treatment options, current approaches have been associated with inconsistent efficacy and safety. Systemic therapy-often the first-line approach for treating sudden sensorineural hearing loss and Ménière's disease-is noninvasive, but it is also linked to subtherapeutic inner ear drug concentrations and adverse effects. 1 Intratympanic injection, which involves filling the middle ear with a drug and relying on diffusion into the inner ear, can attain higher inner ear drug concentrations. [2] [3] [4] However, intratympanic injection suffers from unintentional clearance of the drug via the eustachian tube, inconsistent diffusion rate into the inner ear, and risk of damaging middle ear structures. 5, 6 Direct microinjection of drugs through a cochleostomy is an alternative method that reduces the variability associated with intratympanic injection but carries the risk of significant trauma to the inner ear. 7 Thus, there is an unmet need for new inner ear delivery methods that are both effective and safe. The challenges with current treatment options are primarily due to anatomic barriers intrinsic to the bony labyrinth. As such, recent advances in drug delivery techniques have focused on bypassing these barriers.
The goal of this review is to discuss recent advances in inner ear drug delivery techniques in the framework of anatomic barriers.
| ANATOMIC BARRIERS
Anatomic barriers of the inner ear affect all modalities of drug delivery to the inner ear. Encased within the otic capsule-a bony shell composed of the densest portion of temporal bone-the inner ear is an anatomically isolated structure. In the guinea pig, the otic capsule is thin and may permit a certain level of drug diffusion into the inner ear, whereas in humans, the otic capsule is considerably thicker, preventing drug diffusion within. 8, 9 Challenges with systemic delivery stem primarily from the blood-labyrinth barrier (BLB), whereas challenges with local delivery (eg, intratympanic injection) result from barriers such as the round window membrane (RWM), the oval window and stapes, and the loss of intratympanic drug solution through the eustachian tube ( Figure 1 ). These communication pathways to and from the inner ear have been recently reviewed in detail. 10 In what follows, the roles of these barriers-the BLB, the RWM, the oval window, and the eustachian tube-are discussed in the context of drug delivery to the inner ear.
| Blood-labyrinth barrier
The BLB divides the vascular compartment of the inner ear from the inner ear fluid spaces. The BLB consists of a network of vascular endothelial cells coupled together by tight junctions, basement membrane, pericytes, and perivascular resident macrophage-like melanocytes that, combined, regulate exchange between the blood and surrounding perivascular space. 11 In addition to maintaining normal fluid and ion physiology and preventing pathogens from entering the inner ear, the BLB also prevents therapeutic agents in systemic circulation from accessing the inner ear. It is estimated that the BLB limits diffusion into the scala tympani and scala vestibuli perilymph to 6.5% and 3.7% of total plasma concentration, respectively. 12 Compared to 13.7% entry into cerebrospinal fluid, the BLB may be less permeable than the blood-brain barrier. Therefore, attaining therapeutic levels of a drug within the inner ear requires high levels of a systemic drug, which can lead to ototoxicity from aminoglycoside antibiotics or wide-ranging side effects from systemic corticosteroids. 1 
| Round window membrane
The RWM is the communication between the scala tympani and the middle ear. It consists of three layers: an outer epithelial layer facing the middle ear, a central connective tissue layer, and an inner epithelial layer interfacing with perilymph ( Figure 2 
| Oval window
The oval window represents the communication between the scala vestibuli and the middle ear. It is covered by the stapes footplate, which is attached to the perimeter of the oval window by the annular ligament. 19 To date, the oval window has received less attention as a portal for drug delivery to the inner ear due to its physical obstruction by the stapes footplate. However, studies show that diffusion across the oval window does occur via intratympanic administration. [20] [21] [22] Diffusion across the oval window is also thought to be well suited for the treatment of vestibular disorders due to its proximity to vestibular tissue. 20 In guinea pigs, horse peroxidase-labeled granules diffuse across the oval window after intratympanic administration and can be visualized in the chondrocytes of the stapediovestibular joint and on the scala vestibuli surface of Reissner's membrane using electron microscopy. 21, 22 Some studies suggest that the oval window may even play a larger role than the RWM with inner ear diffusion as higher levels of gadolinium are detected in the scala vestibuli than in 
| Eustachian tube clearance
The eustachian tube is a passageway between the middle ear space and the nasopharynx. It serves to equalize middle ear pressure but also presents a barrier to inner ear delivery during intratympanic injection because drugs can exit through the eustachian tube into the nasopharynx. Limited drug residence time in the middle ear decreases the ability of the drug to diffuse into the inner ear, leading to subtherapeutic drug levels. 10 For this reason, intratympanic injection in the clinic often requires the patient to remain supine for several minutes before standing to allow for longer drug residence time in the middle ear. 27 However, this routine is time-consuming and impractical in the clinic with unclear benefits.
| RECENT ADVANCES IN INNER EAR DELIVERY
Recent studies have focused on overcoming various aspects of these anatomic barriers to improve inner ear delivery. Some studies aimed to enhance systemic delivery using nanoparticles to increase blood circulation time of drugs, but the majority of studies addressed local delivery, using novel methods to increase RWM permeability, overcome eustachian tube drug clearance, and increase cellular uptake of drug using nanoparticles. There has also been interest in developing new, minimally invasive methods for intracochlear delivery.
| Enhancing systemic delivery
Systemic delivery of drugs offers several advantages over local delivery, including noninvasiveness and clinical ease of use, but is associated with subtherapeutic inner ear drug concentrations and adverse, off-target effects. 1 Recent studies have used nanoparticle systems to overcome the difficulties associated with systemic delivery. The mechanisms by which nanoparticles can increase inner ear delivery via systemic administration are numerous, but they primarily focus on increasing blood circulation time of drugs. Coating polylactic acid nanoparticles with polyethylene glycol (PEG) can reduce opsonization and prevent interactions with the reticuloendothelial system in the liver or spleen, allowing for improved systemic drug retention. 28 PEGcoated polylactic acid nanoparticles have been shown to result in sustained delivery of rhodamine, a dye with molecular weight comparable to that of gentamicin, to the cochlea through systemic administration. They also facilitate the delivery of betamethasone to the cochlea, allowing for significant reductions in histological and functional damage after noise-induced hearing loss. 28 Poly(lactic-coglycolic acid) (PLGA) nanoparticles demonstrate improved inner ear delivery with systemic administration; systemic administration of rhodamine does not result in cochlear uptake at 10 minutes, whereas systemic administration of PLGA nanoparticles carrying rhodamine does. 29 Systemic administration of dexamethasone-loaded PEGcoated PLGA particles can also attenuate cisplatin ototoxicity in guinea pigs, whereas the same effect is not observed with
Cross section of the guinea pig RWM, pentachrome stain. The RWM is suspended between bone, which is stained in green, shown on the left at ×8 magnification. The three layers of the RWM can be appreciated at ×40 magnification, shown on the right. The outer epithelial layer, in contact with the middle ear space, is composed of low cuboidal epithelial cells connected by tight junctions. The central connective tissue layer is stained beige due to its composition of collagen (yellow) and elastic fibers (black). The inner epithelial layer is composed of squamous epithelial cells with large extracellular spaces allowing contact between the connective tissue matrix and the perilymph. RWM, round window membrane. Printed with permission from Jeffrey W. Kysar, PhD and Anil K. Lalwani, MD dexamethasone alone. 30 As such, nanoparticles have a variety of uses in systemic inner ear delivery, ranging from stabilizing delicate drug structures and preventing premature drug elimination to increasing drug diffusion into the inner ear. As described in Section 3.4, they can also be conjugated with targeting peptides that promote uptake within selective cells in the inner ear.
| Increasing RWM permeability
A primary shortcoming of intratympanic injection is inconsistent diffusion of the drug across the RWM. As such, several recent studies have attempted to increase the permeability of the RWM to enhance drug diffusion into the inner ear. This can be achieved by (a) applying chemical agents to the RWM to alter its permeability or (b) introducing microperforations in a controlled and precise manner to the RWM.
The permeability of the RWM can be increased by exotoxins and endotoxins; desiccation by suctioning near the round window niche;
and benzyl alcohol, a common preservative in commercially available drug formulations. 17, 31, 32 The clinical application of these methods is unclear, limited by intersubject variability affecting the reliability of these techniques. Of note, benzyl alcohol causes a burning sensation with intratympanic injection and can require anesthesia during use. 32 Other solvents and detergents, such as dimethyl sulfoxide, N-methylpyrrolidone, and saponin, may also increase RWM permeability, but studies investigating the toxicity of these agents to the inner ear or middle ear are lacking. 32 Histamine has been shown to increase the absorption of dexamethasone phosphate, enhancing RWM permeability through its vasoactive effects. 33, 34 When dexamethasone is administered with both histamine and hyaluronic acid as adjuvants, the inner ear concentration of dexamethasone phosphate is increased further. 34 Pretreatment of the RWM with hyaluronic acid has been shown to significantly enhance gene delivery with a viral vector. 35, 36 Although chemical agents can enhance RWM permeability, their use is generally hampered by high interindividual variability due to discrepancies in intrinsic properties of the RWM.
Creating microperforations in the RWM is a novel technique for mechanically increasing the permeability of the RWM. Small perforations have been shown to increase the diffusion of small molecules by more than 35-fold across the RWM. 37, 38 Moreover, the increase in RWM permeability depends not on the variable intrinsic properties of the RWM but on characteristics of the microperforations themselves, such as the size of perforation. 38 Thus, the ability to introduce microperforations in a controlled manner leads to the precise and reliable enhancement of RWM permeability. Microneedles are designed with the microanatomic and mechanical properties of the RWM in mind, to
create controlled and precise perforations in the membrane with minimal trauma (Figure 3) . 40, 41 To date, several needle designs have been fabricated with an assortment of unique characteristics. 39, [41] [42] [43] [44] [45] Microneedles fabricated using two-photon polymerization (2PP) are able to perforate guinea pig RWM reliably. 41, 45 In the guinea pig, these perforations are not associated with any notable lasting effects on hearing, and the perforations also heal within a week after perforation.
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Microneedles can also create precise perforations in the human RWM. 39 One of the challenges of microneedle use on the RWM is ensuring that the needle is inserted far enough to create a perforation but not so far as to cause damage to structures behind the RWM. Thermosensitive hydrogels are particularly suitable for intratympanic injection because they can remain in liquid form for injection at room temperature but quickly transform into solid gel at body temperature. 55 A solid gel is resistant to leakage through the eustachian tube, thus dramatically increasing drug residence time in the middle ear. Prolonged contact with the RWM facilitates drug diffusion to the inner ear. Poloxamer 407 (P407), a triblock copolymer, is one example of a thermosensitive hydrogel that has been extensively studied for inner ear drug delivery via intratympanic injection. 8, 56, 57 In guinea pigs, a single dose of dexamethasone/P407 can extend the duration of drug in perilymph to at least 10 days, compared to less than 24 hours with a single dose of dexamethasone in aqueous solution. 57 Moreover, P407 decreases the variability in dexamethasone concen- 
| Nanoparticle-assisted local delivery
In addition to improving systemic delivery to the inner ear, nanoparticles can also assist local drug administration by stabilizing drug structures, enhancing drug diffusion across the RWM, and increasing cellular uptake of drugs. Phospholipid-based nanoparticles are of particular interest because their bilayer structure enables them to encapsulate and transport both hydrophobic and hydrophilic molecules across the RWM. 63 Dexamethasone encapsulated in four types PLGA, a biodegradable polymer, is another type of nanoparticle that has been extensively studied for local inner ear delivery. PLGA nanoparticles carrying rhodamine have been shown to permeate through the RWM when applied locally, with more cochlear uptake than with systemic delivery. 29 PLGA nanoparticles also distribute more evenly throughout the inner ear compared to other delivery methods.
When applied on the RWM in chinchillas, PLGA-encapsulated iron oxide nanoparticles were well distributed in the inner ear fields, inner ear membranes, hair cells, supporting cells of the organ of Corti, spiral ligament, and stria vascularis. 65 They have also been shown to effectively deliver a number of drugs into the inner ear, including lidocaine and dexamethasone. 30, 66 Local administration of dexamethasoneloaded PEG-coated PLGA particles can attenuate cisplatin ototoxicity in guinea pigs. 30, 67 In addition to improved RWM permeation, increased cellular uptake, and sustained release properties, a major advantage of nanoparticles is their ability to target specific cell types when F I G U R E 4 Several routes of cochlear delivery. The delivery of a therapeutic agent to the cochlea can be performed by: diffusion of the agent across an intact round window membrane with a gelatin sponge (A), intracochlear injection through the round window membrane (B), and infusion with osmotic minipump through cochleostomy (C). Printed with permission from Anil K. Lalwani, MD conjugated to cell-penetrating peptides. Nanoparticles conjugated with a SS-31 peptide cause mitochondrial-specific accumulation in hair cells. 68 This effect has been used to confer protective effects against aminoglycoside-induced hair cell damage in a zebrafish model.
Likewise, Tet1 peptide conjugated to polymersomes targets the cochlear nerve. 69 However, improved cochlear uptake was only seen when the polymersomes were delivered via cochleostomy and not after transtympanic injection, suggesting that RWM permeability still limited the efficacy of nanoparticles.
Another unique characteristic of nanoparticles is the ability to exploit forces generated by magnetic fields to pull superparamagnetic iron oxide nanoparticles (SPIONs) across the RWM. This technique has been demonstrated in vivo in rat and guinea pig models, as well as in vitro in human temporal bone 70 ; intratympanic injection of magnetic nanoparticles loaded with prednisolone mitigate cisplatininduced hearing loss more than an injection of methylprednisolone alone. 71 These SPIONs cause minimal inflammatory response. Application of nanoparticles with iron oxide cores in a chitosan matrix loaded with prednisolone was not associated with a difference in hearing loss at 2 and 30 days after treatment, compared to the application of prednisolone alone. 72 Very mild inflammatory changes limited to the middle ear were observed at 2 and 30 days after treatment, with almost complete reversibility of changes by day 90.
Other types of nanoparticles that have been studied in the literature include lipid nanocapsules, 73 polymersomes, 74 hydroxyapatite nanoparticles, 75 and silica nanoparticles, 76 and were the subject of a recent review. 77 
| Advances with direct intracochlear delivery
Direct delivery of therapeutics into the cochlea offers several advantages over intratympanic injection, including bypassing the variability imposed by the properties of the RWM, attaining higher peak concentrations of drug, and reducing basal-apical gradients of a drug within the scala tympani compared to intratympanic application of a drug. 7, 78, 79 Early models for intracochlear injection utilized cochleostomy for direct microinjection of drugs or infusion of drugs into the cochlea using osmotic minipumps (Figure 4) . 74, [80] [81] [82] [83] [84] [85] Newer ideas include introducing a PLGA-based implant into the scala tympani via a cochleostomy in the basal turn of the cochlea.
Simulations predict that the implant can reach constant drug levels within a few hours and last for several weeks. 86 Placement of this implant has been demonstrated ex vivo in guinea pig models and did not result in macroscopic traumatization of inner ear structures based on CT scans. However, methods involving cochleostomy are known to be traumatic to the inner ear and risk hearing loss; alternative approaches may reduce this risk. 87 Two recent options are microinjection through the RWM and placement of intracochlear implants that avoids cochleostomy.
Intracochlear injection through the RWM demonstrates higher and more consistent drug levels compared to intratympanic injection. 7, 88, 89 Intracochlear injection also provides greater control over inner ear delivery because therapeutics can be dosed in discrete units rather than relying on diffusion. Perilymph leakage from the inner ear due to intracochlear injection can be reduced by sealing the round window niche with a gel or adhesive prior to injection. 89 Intracochlear implantation is another method for intracochlear delivery that avoids cochleostomy. Previously, sustained intracochlear release of drugs required the use of drug-eluting cochlear implant electrodes. Recent developments in this area include the usage of a microscaffold cochlear electrode array for continual release of steroids to preserve residual hearing, coating electrodes with laminin to promote neuritic outgrowth from auditory neurons, and coating the cochlear implant with brain-derived neurotrophic factor-producing mesenchymal stem cells to protect spiral ganglion neurons. [90] [91] [92] However, the usage of such methods are limited to those with profound hearing loss requiring cochlear implantation.
New developments have focused on intracochlear implants that can be used independent of cochlear implants for a wider patient population. One option is the Hybrid Ear Cube, a miniaturized siliconebased implant. 93 This implant consists of a cuboid portion placed in the middle ear adjacent to the oval window or round window and a cylindrical structure that passes through the oval window or round window that remains in contact with perilymph ( Figure 5 ). The cuboid portion acts as a drug reservoir, so the drug can diffuse through the cylindrical portion into the perilymph. The cuboid has two halves that can be loaded with two different drug formulations, offering increased flexibility compared to a previously proposed monoblock system.
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F I G U R E 5 Hybrid ear cube. The hybrid ear cube is a siliconebased implant that consists of a cuboid portion placed in the middle ear adjacent to the oval window (shown) or round window and a cylindrical structure that passes through the oval window or round window that remains in contact with the perilymph. 93 The cuboid structure has two halves that can be loaded with two different drug formulations and acts as a drug reservoir such that drugs can diffuse through the cylindrical portion into the perilymph. The Hybrid Ear Cube has been shown to retain its structure and size, even when immersed for up to 100 days in artificial perilymph, and has demonstrated very slow release rates, with <0.5% of loaded dexamethasone, or 0.5 μg, released after 2 months.
It has yet to be tested in vivo in animal models. A second option that has been investigated is the implantation of polyvinyl alcohol-polymer-coated drug particles that can be delivered by a single injection through the RWM. 95 In this study, polymer-coated fluticasone propionate was implanted into guinea pig cochlea in vivo, providing stable drug release for at least 90 days with good hearing preservation. However, a 32-gauge needle was used to puncture the RWM for injection of this polymer-based delivery system, and the authors of the study believe that a surgical insertion tool would be required to provide consistent hearing preservation.
| OPTIMAL INNER EAR DELIVERY METHOD
Recent advances in drug delivery to the inner ear have focused on suggested as a feature that can be exploited for inner ear-specific drug activation. 96 High-intensity acoustic signals, which can be further amplified by the ossicles, are another proposed unique feature of the ear that may be used. 96 However, in the absence of such an optimal therapeutic in medicine today, local delivery is a more feasible option for an efficacious inner ear delivery technique with minimal adverse effects. 59 These liposomes remain in hyaluronic acid adjacent to the RWM, creating a local reservoir that allowed sustained release of dexamethasone into the perilymph over 30 days, with increased conversion of dexamethasone phosphate to active dexamethasone. Likewise, nanohydrogel consisting of liposomal nanoparticles loaded onto a chitosan-based hydrogel acts as a reservoir to release nanoparticles in a controlled and sustained manner into the perilymphatic system. 62 Nanoparticles have also been introduced directly into the inner ear via cochleostomy, with improved distribution over intratympanic injection alone. 69, 74 More recently, microperforations have been studied in combination with the thermoreversible hydrogel poloxamer 407. 38 Microperforations used in conjunction with a poloxamer increased the diffusion rate compared to the poloxamer alone. However, these effects were limited; increased diffusion was only seen with microperforations of a certain size. Further investigation is necessary to clarify the effect of microperforations when used with hydrogel carriers. Microneedle technology is also likely to be compatible with nanoparticle delivery. Besides creating perforations that increase diffusion of nanoparticles across the RWM, they may play a role in the future of direct intracochlear injection across the RWM. Small and precise microneedle perforations in the RWM may induce less trauma than cochleostomy and heal more quickly. Thus, the combination of microneedle technology with hydrogel delivery and nanoparticle delivery is an important next step in the research of local delivery techniques to the inner ear.
| CONCLUSION
Various anatomic barriers pose a challenge to safe and effective inner ear drug delivery. In the absence of a systemically administered therapeutic that targets only the inner ear, promising new strategies have focused on methods of local delivery that overcome these anatomic challenges. The optimal method for local drug delivery to the inner ear likely uses a combination of novel strategies to increase the efficacy and precision of the delivered drug. Combining microneedle technology with hydrogel and nanoparticle delivery of drugs to the inner ear is a promising avenue for future research.
